Graphical pattern recognition interpretive techniques have been part of petrophysics since quantitative interpretation began, as a way to quickly determine properties of interest with a minimum of calculations. When calculators and computers were introduced to petrophysics, the focus of the techniques changed from determining the quantities themselves to determining the parameters needed to calculate those quantities. As an example, Hingle (1959) and Pickett (1966 Pickett ( , 1973 plots, first used to quickly determine water saturation for a few points in a reservoir, can now instead be used to determine the parameters needed in Archie's (1942) water saturation equation, so that the parameters and associated well log data can be used to calculate water saturation in much more detail and with more precision than before.
Introduction
From its beginnings, petrophysics has used graphical ("pattern recognition") displays to identify zones of interest, to initially speed the determination of reservoir properties of interest, and currently to determine parameters needed in the calculation of those properties. Such displays range from depth displays of raw log data to x-y plots ("crossplots") of acquired data. In the era before calculators and computers, calculations were tedious and timeconsuming, compounded by urgency when drilling activities were suspended waiting for results. While slide rules and nomographs helped speed the calculation process, development of pattern recognition techniques provided the means for interpreters to quickly assess a well and focus on intervals of critical interest. With the advent of machineassisted calculations, individuals could concentrate on interpretation instead of arithmetic, and the focus of pattern recognition techniques turned from determining reservoir properties of interest (like porosity and water saturation) to predicting the parameters needed to calculate those properties in a more detailed and robust manner. This paper shows a proof-of-concept in the combination of three pattern recognition techniques; Buckles, Hingle, and Pickett plots, which are used to simultaneously determine three Archie saturation equation parameters (m, n, Rw), matrix parameters for conversion of bulk density or acoustic slowness to porosity, and irreducible bulk volume water to help predict water production from hydrocarbon-bearing zones. By predicting the parameters simultaneously, the interpretation process can be shortened through the immediate iteration process, and the interpretation parameters are more coherent, having been determined together. The spreadsheet is referred to as a "gameboard" because as with a board game, changes are made directly on the "board" and other parts (like game pieces) respond immediately.
The plots: history and current usage

Buckles Plot
Buckles (1965) in creating a method to determine average water saturation, found that in intervals at irreducible water saturation, the product of water saturation and porosity would be a constant related to pore surface area. When porosity was plotted against water saturation for those points, the resulting curve was a hyperbola while points in a transition zone plotted at values above the points at irreducible saturation. Morris and Biggs (1965) extended the use of the constant (often referred to as the "Buckles number") to not only identify transition zones from zones at irreducible saturation, but also to estimate permeability. They also noted that the porosity-water saturation product was the bulk volume water fraction of the porosity, or bulk volume water, BVW.
Figure 1 shows Buckles plots in two forms; the linear plot shown by Buckles, and Morris and Biggs, and the plot with logarithmic scales, as shown by Bateman (1984) and others. In the linear plot, the equal BVW values are hyperbolas, while in the full logarithmic plot, the equal BVW lines are linear. The displays provide the same information; the choice of which to use is up to the interpreter, as the one easiest to personally interpret. For intervals at irreducible water saturation, Swirr, and with a range of porosities, the bulk volume water is irreducible, BVWirr.
Hingle Plot
Archie ( Figure 2: Hingle plots: left with a linear y-axis, and right as a standard display using raw resistivity or conductivity data (Schlumberger, 2005) .
As shown in Figure 2 (right plot), the x-axis is porosity increasing to the right. Instead of using a calculated porosity, raw bulk density (as shown) or acoustic slowness can be used. The y-axis is a non-linear scale, shown in the figure in both resistivity and conductivity. In use, data points are plotted by "porosity" and resistivity. From the location of the points, a water-bearing line is drawn at the "northwest" edge of the data. From that line, and the assumption of a value for saturation exponent, n, a family of lines of decreasing water saturation can be drawn, which fan out from the intercept of the water-bearing line at the x-axis. As originally designed, the water saturation, Sw, of each plotted point can be read directly from the plot. The use of Archie's equation is bypassed, and the knowledge of formation water resistivity, Rw, is not needed. In addition, if bulk density or acoustic slowness is plotted instead of porosity, the x-intercept of the water-bearing line predicts the matrix value. From that value, and an estimate of fluid value, the porosity can be calculated, with the data having predicted the matrix value, instead of the interpreter estimating the value.
The plot in the left of Figure 2 shows in the y-axis the calculated value of (1/Rt)^(1/m), and is displayed on a linear scale. The value is calculated and displayed in Microsoft © Excel, and its interpretation is the same as with the righthand plot, but resistivity values cannot be read directly from the plot.
To use Hingle's plot, the interpreter needed to use specially-constructed graph paper (usually available in logging company chartbooks), and had to assume a value for cementation exponent, m, as the y-axis changes with that value. The interpreter then placed the water-bearing line based on the location of the data points, and placed the lines of decreasing water saturation based on the location of the water-bearing line and an assumed value for saturation exponent, n. The saturation value at each point could then be read directly from the plot. With the advent of Analogous to the work of Greengold (1986) on Pickett plots, Krygowski and Cluff (2012) added bulk volume water lines to Hingle plots. This is shown in Figure 3 . The points at the lowest value of BVW, on the "southern" edge of the data, are at irreducible bulk volume water, BVWirr, (and therefore Swirr), and should produce only hydrocarbons. Those at the "northwestern" edge of the data are in the water-bearing zone, and will produce only water. The points between those two edges are in the transition zone, where some combination of water and hydrocarbons will be produced.
Pickett Plot
Pickett (1966, 1973) proposed another graphical solution to Archie's equation, in a slightly different format than Hingle. Equation 4 shows the solution in terms of resistivity, like Hingle's, and Equation 5 shows the equation slightly modified, adapted to the graph paper available at the time (and the usual form of the crossplot). As shown in Figure 4 , the plot is full logarithmic; that is, both scales are logarithmic, with resistivity on the x-axis and porosity on the y-axis. In use, data points are plotted by porosity and resistivity. From the location of the points, a water-bearing line can be drawn at the "southwest" edge of the data. From that line, and an assumption of a value for the saturation exponent, n, a family of lines of decreasing water saturation can be drawn, which are parallel to the water-bearing line. As originally designed, as with the Hingle plot, the water saturation, Sw, of each plotted point can be read directly from the plot. The use of Archie's equation again is bypassed, as is the knowledge of formation water resistivity, Rw. In addition, two parameters in Archie's equation are predicted by the plot: the cementation exponent, m, from the negative inverse of the slope of the water-bearing line, and formation water resistivity, Rw, from the intercept of the water-bearing line at porosity equal to 1 (100%), with a user estimate of tortuosity factor, a.
To use Pickett's plot, the interpreter plotted points on full logarithmic paper, placed the water-bearing line based on the location of the data points, and placed the lines of decreasing water saturation based on the location of the waterbearing line and an assumed value for cementation exponent, n. The saturation value at each point could then be read directly from the plot. With the advent of machine-aided computations, the Pickett plot can still be used to quickly determine if there are any intervals with promising water saturations, but it is not necessary to actually read Sw values from the crossplot. The crossplot does provide an estimate of cementation exponent from the slope of the Sw lines, and an estimate of Rw from the intercept of the Sw = 1 line at porosity = 1.
Greengold added bulk volume water lines to the Pickett plot. Rearranging equation [1]:
And substituting for Sw, equation [4] becomes:
As shown in Figure 5 , zones at the lowest value of BVW, on the "eastern" edge of the data, are at irreducible bulk volume water, BVWirr, (and therefore Swirr), and should produce only hydrocarbons. If there is a sufficient range of porosity at irreducible water saturation, the slope of the BVWirr line can be determined. The slope is (n-m), so knowing m from the slope of the water-bearing line, the saturation exponent, n, can be estimated. If n = m, the BVW lines will be vertical. Those points at the "southwestern" edge of the data are in the water-bearing zone, and will produce only water. The points between those two edges are in the transition zone, where some combination of water and hydrocarbons will be produced. Figure 6 (left illustration) shows the concept of the behavior of the gameboard. This iterative process, from Gael (1981) and Bassiouni (1994) shows an iteration between Hingle and Pickett plots to converge on cementation exponent and matrix density. The implication, from the figure, is that the iteration takes place one step at a time, with the interpreter picking a value from one plot and using it in another. By using a spreadsheet, changes made in one plot can be immediately reflected in other plots, thereby decreasing the time needed for the iteration. The data in Figure 7 , shown in log format in Figure 8 , are constructed to have a range of porosity, with a water leg, a transition zone, and a zone of irreducible water saturation. The value of Swirr varies with porosity so that BVWirr is a constant. Figure 9 : The constructed data used to illustrate the behavior of the gameboard.
Behavior of the gameboard
The gameboard in Figure 7 has parameters defaulted to common values; m = n = 2.0, a = 1.0, RHOmatrix = 2.71 (limestone), and Rw = 0.01 as an arbitrary value. The Hingle (RHOB) plot shows the choice of RHOmatrix to be incorrect (not aligning with the plotted points), as does the Pickett plot, where the "southwestern" points show a curved line instead of a straight line (Pickett, 1966) . The misalignment of the suspected water-bearing points on the Pickett and Hingle plots is similar to points at the east side of the Buckles plots as well. The user could start the iteration of the data by changing any of the variables, but probably the variables having the most effect would be RHOmatrix and Rw. As the Sw lines and data points begin to converge, the user would see from the Pickett plot that a change in m would be of benefit. Once the data was aligned with the Sw lines, n and BVWirr could be modified to bring the BVW lines in alignment with the appropriate "sides" of the data cloud. The results of the modification of the parameters are shown in Figure 9 , where the points in all the plots show an alignment with the Sw and BVW lines, and with the intercepts which specify RHOmatrix and Rw.
irreducible transition wet Again, the order in which the parameters are changed is up to the individual interpreter, and interpreters may find one sequence of change to be especially efficient. When actual data is used, and depending on the range of porosities and saturations, there may be some ambiguity in the results, with different sets of parameters delivering the same fit of the lines and intercepts to the data. As always, any other available appropriate data should be used to arrive at a solution which honors all the data at hand.
Conclusions
By using a number of pattern recognition techniques; namely Pickett, Hingle, and Buckles plots, one can determine parameters for the calculation of porosity and water saturation in an interactive mode, which makes that determination faster and more coherent than using the same techniques individually.
The methods, used individually or in concert, provide a method to quickly identify zones of interest in what are often long intervals with no production potential.
While Microsoft Excel was used to implement this method as a proof of concept, the methodology would be better suited for implementation in an existing petrophysical software program, either as a user program (given the appropriate software functionality), or as an enhancement to existing functionality. 
